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The chemical stability and toxicity of Te–As–Se (TAS) infrared fibers are investigated.
These fibers are used for biosensing applications that involve direct contact with live
cultivated human cells. It is shown that TAS fibers exhibit a small oxidation layer after
extended exposure to air. This layer is highly soluble in water and easily removed.
However, the TAS glass itself is stable in water over several days. While oxidized
fibers release arsenate ions, which result in toxic effects to the cells, fresh or washed
fibers show no toxic effects. A good correlation is shown between surface etching and
the disappearance of toxicity.

I. INTRODUCTION

Chalocogenide glasses belong to a unique class of
amorphous materials that can be molded or drawn into
fibers while retaining wide transparency over the infrared
(IR) region.1,2 This combination of properties has led to
a number of applications ranging from night vision optics,1 to astronomy,3 biomedical imaging,4 environmental monitoring,5 and fiber-based remote sensing of
chemical and biological species.6 In particular, fiberoptic
sensing has been widely investigated due to the transparency of chalcogenide glasses in the vibrational domains
of most organic species. The collection of vibrational
spectra that is unique to each molecule allows highly
specific recognition of chemical species. Measurements
involving chalcogenide fibers are typically performed
through short-term exposure (in minutes) to an analyte,
such as biomedical analysis of diseased tissues,7 or
through medium-term exposure (a few days), as in pollutant monitoring in water wells.8 This class of fibers is
now becoming commercially available9; however, their
toxicity and stability in conditions of normal usage remains nearly unknown.
When a beam of light propagates in an optical element,
part of the electric field can extend outside of the material
surface and interact with a compound that is in contact
with the interface. This principle constitutes the basis of
IR evanescent wave spectroscopy and, in particular, the
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widespread attenuated total reflectance spectroscopy.
The same principle also applies to fibers, and permits
remote IR spectroscopy to be performed with the appropriate IR-transparent fibers and a conventional Fourier
transform IR spectrometer. The source light is coupled to
one end of the fiber, and the resulting signal is collected
at the other end. This technique is termed fiber evanescent wave spectroscopy (FEWS). This type of vibrational
spectroscopy is nondestructive, highly selective, and
relatively easy to perform. It has been used to detect the
vibrational signatures of chemical and biological species,
with high sensitivity in various environments.6
It has been shown that both the selectivity and sensitivity of this technique can be enhanced by functionalizing the surface of the optical element. This is achieved by
either concentrating or selectively immobilizing specific
analyte molecules at the fiber surface, where the evanescent wave is most intense.10–14 More recently, IR fibers
have been functionalized with living cells, which can act
as selective recognition elements for the detection of a
specific class of hazardous species.15–17 It has been
shown that the spectroscopic response of mammalian
cells attached to a fiber surface can be monitored to sense
the presence of toxic agents.18 Furthermore, an analysis
of the spectral variation can provide information on the
mechanisms of cell damage. Cell-based sensors have received increasing attention recently due to their high
sensitivity and selectivity in detecting biological hazards.19–22 Sensors based on live human cells offer
a means to directly quantify the health impact of environmental hazards. In this respect they provide an additional level of information beyond that achieved with
© 2007 Materials Research Society
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conventional sensors, which merely detect the presence
of a toxic species but report nothing on its activity.
Two types of IR fibers have been commonly used to
perform FEWS measurements. Silver halide fibers have a
wide transparency window but have a tendency to dissolve and deteriorate when in contact with biological
materials.23,24 Chalcogenide fibers, on the other hand,
are considered to be chemically stable and have been
used to monitor several kinds of biological processes.7,25,26 Many chalcogenide glasses contain As to
stabilize the covalent glass network. The presence of this
highly toxic element can raise issues for biological sensing applications, because even a small amount of As can
significantly alter the metabolic functions of living cells
and tissues. Arsenic is a toxic metal known to cause a
variety of effects on cells, including damaging DNA,
leading to the induction of cytoprotective functions, and
inhibiting cell proliferation and metabolic function.27 It
is therefore essential to ensure that the glass fiber is
sufficiently stable and will not itself interfere with the
measurement.
A detailed study of the chemical stability and toxicity
of chalcogenide fibers during long-term storage in air
and during short-term and medium-term exposure to
aqueous environments has not been performed. Here, we
present a study on the biocompatibility of As containing
chalcogenide fibers and their chemical stability in various environments. Their effect on human cells is quantified and the consequences, for the design of cell-based
IR sensors, are addressed.
II. EXPERIMENTAL PROCEDURES
A. Chalcogenide fibers

Glass preforms of composition Te2As3Se5 [Te–As–Se
(TAS)] were synthesized in high purity to obtain optical
quality material, with low transmission losses, suitable
for fiber processing. A detailed experimental description
of this process has been reported elsewhere. 28,29
These fibers have an effective transmission window in
the range of 2–12 m and are drawn to a diameter of
about 400 m. The diameter is reduced to approximately
100 m along the sensing zone to improve sensitivity in
FEWS applications.30
The chemical stability of these fibers was evaluated by
monitoring variations in the surface topology and chemical composition after exposure to air and aqueous solution. Atomic force microscopy (AFM) was used to
characterize variations in surface topology and roughness. X-ray photoelectron spectroscopy (XPS) was
used to characterize variations in chemical composition at the fiber surface. Inductively coupled plasma
mass spectrometry (ICP-MS) was used to detect the presence of arsenic dissolved in the solution surrounding the
fiber.

B. Cell characterization

The biocompatibility of TAS fibers was evaluated by
characterizing both the extent of cell attachment to the
fiber surface as well as the toxicity of the fibers toward
live cells. The cells used in this study were A549 immortalized human lung cells that form a strong attachment to surfaces. Details concerning the culture of these
cells have been reported elsewhere.17
The extent of cell coverage on the fiber surface was
characterized by fluorescence imaging using the live/
dead Reduced Biohazard Viability/Cytotoxicity Kit#1
from Molecular Probes, Inc., Eugene, OR. Viable cells
were stained with the SYTO 10 green fluorescent nucleic
acid stain, while nonviable cells were stained with the
Dead Red nucleic acid dye. Optical bright-field images
and fluorescence images of the same field of view were
collected to evaluate cell coverage.
The toxicity of TAS fibers toward mammalian cells
was investigated using the same A549 cell line as well as
rat alveolar macrophage cells (NRL8686, obtained from
American Tissue Type Culture Catalog). Cultures of both
of these cell lines were exposed either directly to TAS
fibers or to the solution in which the fibers had been
soaked. Old, new, and washed fibers were tested. Fibers
were soaked either in Dulbecco’s Modified Eagle’s cell
culture media (Sigma Chemical Co., St. Louis, MO),
phosphate-buffered saline (PBS) solution, or 0.9% NaCl
aqueous solution for 1–24 h. To quantify the cell viability, the cell cultures were exposed to the various fibers
and soaking solutions for 24 h, while incubating at 37 °C
and 5% CO2, before the cell response was quantified. A
WST-1 (Takara Bio Inc., Otsu, Japan) assay that colorimetrically quantifies cellular activity was used to assess
cell viability.31
III. RESULTS
A. Fiber toxicity toward live cells

During a typical live-cell biosensing experiment,15 the
sensing zone of the fiber is first introduced into a saline
solution to collect background reference spectra. Then a
centrifuged pellet of cultured cells is introduced into the
solution and allowed for 1 h to attach as a monolayer to
the fiber surface. Figure 1 shows a close-up view of a
group of A549 cells forming a strong attachment to the
surface of a TAS fiber. Strong contacts are important in
FEWS experiments so that the 2-m-tall cells are contained within the evanescent wave at the fiber surface and
yield a good IR signal. Once the cells are attached to the
fiber, the spectral signature is stable and does not show
any sign of cell damage, even after many hours.15
To maximize the IR signal, a confluent monolayer of
cells at the surface is preferred. A cell coverage analysis
was performed on small sections of chalcogenide fibers
to characterize the morphology of the cell monolayer.
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a potential toxic behavior, small sections of fiber were
immersed in cell cultures and the variation in cellular
metabolic activity was probed with a colorimetric assay
after 24 h of incubation. This experiment was performed
on both old fibers that had been stored in air for 3 years
and on fibers washed in water for increasing lengths of
time. Finally, the toxicity of the washing solution was
also tested.
The cell-viability data shown in Fig. 3(a) reveal that
the 3-year-old fibers exert a significant toxic effect; 35%

FIG. 1. A549 human lung cells forming strong attachment to the
surface of a TAS optical fiber.

Cells on fibers were incubated in darkness and at room
temperature for 15 min in a PBS solution with fluorescent dyes. The resulting coverage was evaluated by optical and fluorescence imaging. Figure 2 illustrates the
extent of cell coverage on fibers that have been stored in
air for several years. It is shown that the cell coverage
varies greatly from one experiment to another, resulting
in inconsistent and seemingly nonreproducible attachment.
These results suggest that TAS fibers might alter the
ability of the cell to form a strong surface attachment,
and in particular might exert some negative effect on the
cells due to the presence of As in the glass. To investigate

FIG. 2. Optical bright-field images of A549 cell coverage on TAS
fibers and the corresponding fluorescence micrograph from the same
field of view. Top images show the attachment of confluent monolayers, while the bottom images show poor cell attachment.
1100

FIG. 3. Viability of cell cultures exposed to sections of TAS chalcogenide fibers as well as solutions in which the fibers have been
washed. (a) Viability of A549 human lung cells exposed to a 3-yearold fiber and the same fiber washed in water for 2 h, 24 h, and the
resulting washing solution. (b) Viability of rat lung macrophage cells
exposed to the same fibers washed in PBS solution for increasing
lengths of time. (c) Viability of the same rat lung cells exposed to the
PBS washing solution resulting from (b).
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of the cells placed in contact with these fibers have died
relative to the control. However, when the same experiment is repeated with fibers that have been soaked in
water for 2 h, the toxic effect decreases substantially.
Finally, fibers washed for 24 h do not exhibit any measurable toxicity. In contrast, the resulting washing solution now shows high toxicity with a 45% decrease in
metabolic activity.
This final result clearly indicates that a toxic layer is
solubilized when the fibers are immersed in an aqueous
solution for periods of time over an hour. Additional
experiments performed on rat lung macrophage cells
confirm this trend. Figures 3(b) and 3(c) indicate that
fibers washed in PBS solution for increasing lengths of
time show a continuous decrease in toxicity, while the
resulting washing solutions show a corresponding increase in toxicity. In effect, while the toxic layer is etched
off the fiber surface, the washing solution becomes enriched with the toxic agent. Here, we must point out an
odd data point corresponding to the PBS solution exposed to fibers for 24 h in Fig. 3(c). The toxicity is
unexpectedly low (80% viability) in comparison to the
high toxicity (55% viability) of the corresponding waterwashing solution shown in Fig. 3(a). This result is tentatively explained by suggesting that As might complex
with the PBS after 24 h and result in lower effective
toxicity to the cells.
Because the observed toxicity is pronounced only for
fibers that have been stored in air for long periods of
time, it appears likely that the soluble toxic layer is composed of As2O3 resulting from a slow reaction with atmospheric oxygen. Indeed, As2O3 is highly soluble in
water, and the formation of an oxide layer at the fiber
surface would therefore be consistent with all the aforementioned observations. To confirm the presence of this
oxide layer, a study on the chemical stability of TAS
fibers was conducted.
B. Chemical stability of chalcogenide fibers

First, an XPS analysis of the fiber surface was performed to positively establish the presence of an oxide
layer. An oxygen atomic concentration of 22.6% was
observed at the surface of the old fibers. However, this
oxygen content could potentially be associated with the
presence of carbonated species at the glass surface. These
species are commonly observed by XPS on samples that
have been exposed to outside atmosphere. On the other
hand, an analysis of the arsenic 3d peak can positively
establish the presence of oxygen within the glass surface.
Figure 4 shows a comparison of the arsenic 3d peaks of
a freshly drawn fiber (1 week), an old fiber (3 years), a
washed fiber, and a reference glass. The reference spectrum was obtained by in situ ion milling of a glass disc
sliced from the fiber preform. It can be observed that the
old oxidized fiber exhibits a net shift toward higher bind-

FIG. 4. XPS spectra of a chalcogenide fiber oxidized in air for 3 years,
the same washed in water, and a freshly drawn fiber. The spectra are
compared to the base glass obtained by in situ milling of a bulk disc
of the same composition.

ing energy, as expected from the formation of an oxide.
A similar shift is observed for Te 3d and Se 3d (data not
shown). This clearly suggests that oxygen has indeed
reacted with the glass surface to form an oxide layer.
The washed fiber spectrum in Fig. 4 shows that the
oxide layer can be entirely removed by soaking the fiber
in water. Once the oxide is dissolved, the elemental arsenic is re-exposed and the washed fiber signal appears to
be identical to the reference glass signal. Finally, Fig. 4
also reveals that the freshly drawn fiber exhibits a thin
oxide layer that is estimated to be only a few angstroms
thick. The XPS spectrum was collected about a week
after fiber drawing, and it is not clear whether this slight
surface oxidation is intrinsic to the drawing process or
took place during the days following it.
To further confirm the oxide dissolution process and
study its kinetics, an analysis of the washing solution was
performed using ICP-MS. Old fibers as well as previously washed fibers were soaked in saline solution for up
to 48 h, and the concentration of arsenic etched out into
the solution was measured as a function of time. Figure
5 shows that the oxide dissolution is complete after 4 h.
After that time, the arsenic concentration reaches a plateau and stays constant. Similarly, a washed fiber shows

J. Mater. Res., Vol. 22, No. 4, Apr 2007

1101

A.A. Wilhelm et al.: Biocompatibility of Te–As–Se glass fibers for cell-based bio-optic infrared sensors

FIG. 5. Variation of the total arsenic concentration with dissolution
time for an oxidized fiber and a washed fiber immersed in saline
solution. The arsenic release is measured by ICP-MS. The arsenic in
solution is both in the AsIII and AsV form.

a constant and barely detectable amount of arsenic that
has leached into the solution. These results confirm that
once the oxide layer has been removed the chalcogenide
glass itself is essentially stable in aqueous solution and
does not dissolve to a measurable extent within a few
days. This result therefore suggests that these chalcogenide fibers can be safely used for optical probing in
aqueous environments without significant damage to the
fiber.
Finally, the extent of surface damage was investigated
by monitoring the change in surface topology following
dissolution. Figure 6 shows an AFM image of a 3-yearold fiber before and after soaking in water for 24 h. The
surface roughness visibly increases after the dissolution
of the oxide layer. The oxide layer formation appears to
be fairly nonuniform at the microscopic level and results
in the formation of pits on dissolution. These features are
presented quantitatively in Fig. 7, which shows the topology profile along several randomly chosen lines
across the samples. The old fiber has a relatively smooth
surface, while the etched fiber contains pits with a depth

FIG. 6. Two-dimensional AFM image of the surface of a fiber oxidized in air for 3 years, and the same fiber after immersion in an
aqueous solution for 24 h.
1102

FIG. 7. One-dimensional surface profile of the fiber shown in Fig. 6
as well as a new fiber before and after immersion in water for 18 h.
The line profiles are obtained by taking three random lines across the
topological map shown in Fig. 6.

of up to 50 nm. On the other hand, the fresh fiber does
not show significant surface changes even after 18 h in
water. This is consistent with the previous ICP-MS results, which suggest that the glass in its nonoxidized form
is resistant to dissolution in water.
IV. DISCUSSION

Both the toxicity and chemical stability results presented above are consistent with the formation of an
oxide layer on the surface of TAS fibers. The XPS spectra clearly show that oxygen is incorporated within the
glass network to form a mixed oxide of As, Te, and Se.
The oxidation process, however, is fairly slow, and an
estimate based on the density of TAS glass and the
amount of dissolved arsenic measured by ICP-MS shows
that the oxide layer is only 5 nm thick after 3 years of
exposure to atmospheric oxygen (and possibly atmospheric water vapor). Unlike the TAS glass itself, this
oxide layer is highly soluble in aqueous solution and can
be easily removed by washing. The resulting roughness
measured by AFM suggests that this layer is highly irregular. While the overall amount of oxide removed is
equivalent to a 5-nm-thick layer, pit formation as deep as
50 nm can be observed.
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The dissolution of an arsenic-based oxide is of concern
for application in cell-based sensors. Even though these
oxide layers are fairly thin, the amount of arsenic released can cause problems if old fibers are put into direct
contact with live cells. A decrease in cell attachment and
metabolic activity can result from exposure to a highly
oxidized fiber. However, the good correlation between
the etching time and the vanishing of toxicity suggests
that simple washing can resolve this issue. Alternatively,
the use of fresh fibers is also an option to prevent toxic
effects. Figure 4 shows a small extent of oxidation even
on fresh fibers, but, considering that the penetration
depth of our XPS is about 30 Å, it is estimated that the
surface oxidation on a new fiber is <10 Å (i.e., a few
atomic layers). Such a thin layer can be rapidly dissolved
when in contact with an aqueous solution and a 5-cm
fiber could be dissolved to a safe As level within less
than a tenth of a cubic centimeter of water. This is consistent with the finding that lung cell cultures consistently formed attachments to new fibers immersed in
0.9% saline solutions.15 The thin oxide layer is quickly
dissolved in the saline solution, and the diffusion of the
highly toxic and mobile arsenate ions within the cells is
prevented. The elemental arsenic within the glass network, on the other hand, is quite stable and insoluble, as
suggested by the absence of toxicity observed in
Fig. 3(a). The cells can then display a normal level of
metabolic activity when attached to a clean TAS glass
surface. Indeed, when fresh fibers are used in aqueous
solution, the coverage and optical signal are consistently
good.
Consequently, live cells can be safely attached to a
TAS glass surface and used for biosensing applications.
As shown previously,15 the spectral features of cells on
TAS glass are stable, while they show strong spectral
response on exposure to a toxicant. Hence, these cells can
be reliably used to sense the presence of environmental
toxicants without interference from the glass substrate.
V. CONCLUSIONS

Amorphous chalcogenide materials have recently
gained interest for IR-based biosensing applications.
Several of these glass formulations are stabilized with As
and are now becoming commercially available. These
glasses form an oxidation layer of a few nanometers on
long-term storage in air. It is shown that chalcogenide
glass containing arsenic can exhibit a toxic effect, after
significant oxidation, due to the dissolution of the oxide
layer in aqueous environments. However, this oxide
layer can be easily washed away in small amounts of
water, and the original glass in the nonoxidized form is
reexposed at the fiber surface. During conventional
measurements of up to a couple of days in solution, the
original glass exhibits good stability in water and has no

measurable toxic effects. These results are consistent
with previous findings, which show that fresh fibers can
be safely used for biosensing experiments involving direct contact with live human lung cells.
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